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Abstract
Two sets of experiments were conducted by pouring 200 mL of the acid mine drainage (AMD) decant from 
Krugersdorp (South Africa) into five 500 mL beakers (mixing) and Erlenmeyer flasks (shaking) and dosed with 20-
60 mL of FeCl3, Fe2(SO4)3, CaMg.2(OH)2 and a combination of FeCl3 with CaMg.2(OH)2 (af-PFCl) respectively. The 
samples were placed in a flocculator and a shaker and stirred at 250 rpm for 2 minutes respectively, settled for 
1 hour and the pH, conductivity and turbidity were measured. A third similar set of experiments was conducted 
without mixing settled for 1 hour and the same measurement taken. The fourth and fifth sets of experiments were 
conducted with CaMg.2(OH)2 and afPFCl flocculent respectively. The novelty of this study is to determine the turbidity 
removal efficiency using FeCl3 and CaMg.2(OH)2 in a form of unprocessed polymers. The results showed that the 
pH and residual turbidity in the samples with Fe3+ salts, CaMg.2(OH)2 is relatively identical to those in the samples 
with af-PFCl dosages. The turbidity removal efficiencies exhibited by the Fe salts, CaMg.2(OH)2 and af-PFCl were 
optimal. The pH and residual turbidity in the AMD samples with mixing, shaking and without mixing indicate that 
destabilization-hydrolysis is influenced by the physico-chemical properties of the solution, whereas mechanical 
agitation mainly disperses the reagent(s). Optimal turbidity removal of the samples without mixing also indicates that 
perikinetic flocculation is a predominant process during aggregation/flocs formation.
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Introduction
Inorganic coagulants, flocculent or polyelectrolyte have long been 
used in the treatment of wastewater, but the main challenge is the choice 
of the ideal reagent(s), concentration and dosage, type and rate of 
mechanical agitation, type of the colloid treated, and most importantly 
the physico-chemical dynamics of both the reagent(s) and colloidal 
suspension. Commercial flocculants/polymers are expensive and require 
specialised reactors and prehydrolysis of the aluminium/ferric chloride 
during preparation [1]. On the contrary, the flocculants employed in 
this study are affordable and easily prepared without acid pre-hydrolysis, 
hence termed “acid-free”. Mixing plays a pivotal role during wastewater 
treatment by dispersing the chemicals throughout the system. However, 
it has been associated with poor turbidity removal which is attributed to 
restabilization (Figure A1) due to prolong agitation and flocs rupture. A 
clear understanding about the effect of mixing in the types of flocculation 
i.e., perikinetic and orthokinetic in wastewater treatment is necessary. 
The former occurs when the collision between the particles is induced by 
Brownian motion of the particles whereas in the latter by hydrodynamic 
effect the bulk fluid [1]. Research also stated that pH is another factor 
which plays a pivotal role during wastewater treatment [2], however, 
physicochemical properties of both the reagents and the colloids are the 
most attributes [3]. Apart from chemical dispersion, mixing has been 
regarded as one of the processes which enhance destabilization [4]. 
On the contrary [5] stated that mixing is required when the distance 
between each particle in the colloidal system is greater than the van der 
Waals forces of attraction, thus deterring destabilization. 
Inorganic coagulants and metal hydroxides are common reagents 
which have been dosed to wastewater for coagulation and neutralization 
(pH adjustment). The common coagulant includes FeCl3 or AlCl3 due 
to their abundance, but they are associated with corrosion and scaling 
of the pipe-system respectively. The neutralizing agents, i.e., calcium 
and magnesium hydroxides are also common in wastewater treatment 
although are associated with scaling. In view of the fact that iron, calcium 
and magnesium are abundant and affordable, it is recommendable to 
dose them in reduced molar concentrations to eliminate their associated 
deficiencies. Although calcium and magnesium mostly occur naturally 
as limestone and dolomite, it is appropriate to prepare them in their 
hydroxides as the wastewater (AMD) treated in this study would not 
require pH adjustment. That is achieved by a combination of Ca(OH)2 
and Mg(OH)2 to produce a compound with reduced concentrations of 
calcium or magnesium hydroxide, i.e., (CaMg.2(OH)2). Reducing the 
concentration of both hydroxides also reduces the amount of turbidity 
which is associated with 100% concentration of Ca(OH)2. This occurs 
when it combines with bicarbonate to form CaCO3 which settle on the 
surface of the pipeline, thus impairing effective heat transfer. The studies 
revealed that dosing of pure reagents tend to cause some complications in 
wastewater treatment processes compared to dosages in their polymeric 
compound [6,7]. Although the study of AMD treatment using iron 
salts was conducted [8,9], they were dosed as individual coagulants but 
in combinations with bentonite to form flocculants. The focus in this 
study was to investigate the turbidity removal efficiency of the af-PFCl 
by comparing to FeCl3 or CaMg.2(OH)2 dosages respectively. The study 
employs the molar masses (M) of the metal ions in the respective metal 
salts in order to measure the strength of their (metal ions) reactivity. 
The complexity of the AMD is its multiple constituents which 
include dissolved or suspended solids, heavy metals and minerals (FeS2). 
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A larger quantity of AMD is formed from the oxidation of the pyrite 
(FeS2) in an aqueous medium, and it is environmentally hazardous 
[10] A lot of research which has been conducted on the wastewater 
treatment explores new technological approach which are expensive and 
sophisticated [11-16] Some employed alkaline neutralization methods 
to increase the pH and generates hydroxide ions which combine with 
the dissolved metals to produce precipitates such as Al(OH)3, Fe(OH)3, 
Co(OH)3, Cu(OH)3, Zn(OH)3, Ni(OH)3 and Pb(OH)3 [17,18].
Apart from mixing, pH and physico-chemical properties, the 
amphoteric and bipolarity of the bulk solution (water molecules) 
are effective in the destabilization-hydrolysis reaction (Equation 3). 
Literature does not include them among the factors which play a role 
in wastewater treatment; hence the current study focuses on such an 
investigation. The pH changing trend under certain conditions is 
indicative of their effect in the destabilization-hydrolysis, which is 
explained later. Destabilization is a reaction which occurs after the 
addition of reagent(s) to a colloidal suspension to reduce electrostatic 
forces of repulsion. Destabilization occurs in various mechanisms such 
as double layer compression, neutralization, inter-particle bridging and 
precipitation and enmeshment occur [19]. The stability of the suspension 
is, to a large extent, dependent on the surface charge of the constituents, 
i.e., the mineral impurities such as oxo ions or multivalent (transition) 
metal ions. Raw water contains microscopically visible colloidal particles 
that possess high electrophoretic mobility or a high zeta potential which 
are reduced by the chemical treatment, namely destabilization [20]. 
Equilibrium between the electrostatic forces of repulsion and van der 
Waals forces of attraction is disturbed, thus weakens the stability of 
the Stern and diffuse layers (Figure A1). These layers form electrical 
double layer (EDL), which is the mixture of positive and negative 
ions bound together by coulomb forces [21,22]. These layers are then 
compressed during destabilization, when the distance between particles 
is reduced causing collision of the particles. Particles collision results 
in the formation of larger particles which are adsorbed onto the flocs 
(hydrolysis species), Equation 1. 
M3+ → M(OH)2+ → M(OH)2+ → M(OH)3(s)                                          [1] 
 Equation 1 represents the hydrolysis reaction when metal ion 
reacts with hydroxyl ions to form different species. Each species releases 
protons which decrease the pH of the system, and effective adsorption 
then occurs when the rate of agglomeration and nucleation is optimal. As 
destabilization-hydrolysis is a determinant reaction for optimal turbidity 
removal, a choice of the reagents with high destabilizing potential is 
essential. That includes the ability of the reagents to compress an EDL 
as expressed by Equation 2-4. According to the Gouy Chapman model, 
the potential distribution is a flat double layer described by Equation 2:
 
2
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Ψ=potential at a point in the diffuse layer versus infinity at the 
bulk solution, x=charge density at the same point, ρ=density and 
ԑ=permittivity. In Equation 2 the charge density at the potential z is 
described by Equation 3. The number of positive and negative ions in 
the diffuse layer is distributed according to the Maxwell-Boltzmann 
distribution (Equation 4 for cations and Equation 5 for anions): 
ρ - ze (n+ - n-)                                              [3]
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n+ and n-=respective numbers of positive and negative ions per unit 
volume at the point where potential is ψ, n0=concentration of ions at 
the infinity (bulk solution), z=valence of the ions, e=charge of electron, 
ψ0=Nernst potential, k=Boltzmann’s constant and T=temperature [23].
The objective of this study is to investigate the turbidity removal 
efficiency of synthetic flocculent formed by a combination of FeCl3 and 
CaMg.2(OH)2 to replace the use of Fe, Ca and Mg in their pure form 
(FeCl3, Ca(OH)2 or Mg(OH)2). The novelty of this study is to determine 
the turbidity removal efficiency using the combination of unprocessed 
synthetic flocculent without pH adjustment. A determination of the 
effect of mechanical agitations to effectively remove turbidity is also 
conducted. In addition, a further determination of the electrochemical 
reaction between the flocculent and the colloidal particles was conducted 
without mixing. 
Materials and Methods
In this study, coagulation-flocculation treatment has been applied 
to AMD solution using 0.043 M Fe3+ in FeCl3 and Fe2(SO4)3 respectively, 
0.021 M Ca2+ in Ca(OH)2 and 0.021 Mg2+ in Mg(OH)2 to form 0.043 
M af-PFCl using a jar test. The pH, conductivity and turbidity of the 
samples were measured before the jar test. The samples were placed in 
a flocculator with rapid stirring at 250 rpm for 2 minutes. The samples 
were allowed to settle for 1 hour and thereafter the pH, conductivity and 
turbidity were measured.
A second similar experiment was conducted and rapid mixing was 
replaced with shaking done at 250 rpm for 2 minutes to determine the 
chemical reactions between the AMD sample and the reagents between 
the two mechanical agitation (energy generated by the impellors and 
energy generated during collision respectively) The samples were 
allowed to settle for 1 hour and thereafter the pH, conductivity and 
turbidity were measured. Characterization was also conducted using 
SEM to determine the crystal morphology.
A third batch of experiments was conducted using the same sample 
and the coagulants and dosages without mixing, they were allowed to 
settle for 1 hour and thereafter the pH, conductivity and turbidity were 
measured.
Acid mine water sample
The samples were collected from the Western Decant in Krugersdorp 
in a 25 litres plastic drum. The samples were sealed air-tied and stored 
at room temperature. The pH, conductivity and turbidity of the AMD 
solution were 2.56, 4.43 ms/cm and 100 NTU respectively. The solid 
content of the sample was 6.8 g in a 200 mL sample aliquot, i.e., 0.14 g/L 
(colloids). The mineral content of the AMD obtained from the ICP-OES 
is shown in Table 1 which shows low concentrations of heavy metals in 
the AMD sample.
Coagulants
Inorganic coagulants of 0.043 M of Fe 3+ in FeCl3 or Fe2(SO4)3 and 
0.021 M Ca2+ in Ca(OH)2 and Mg2+ M in Mg(OH)2 to form 0.043 M 
CaMg.2(OH)2 ions were dosed during flocculation of the AMD and 
yielded a wide range of results showing effective flocculation. The 
concentrations of the coagulants in this study were chosen as per a study 
conducted by ref 24.
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The calculation of the mass of metal salt to obtain 0.043 M of M3+ 
(M3+=Fe) is as follows: Monoprotic metal salts (MCl3) 
 0.043 M of M3+ x mass of M*Cl36H2O  (M*=Fe)                 [6]
Diprotic metal salts (M2(SO4)3)                                [7]
 0.043 M of M3+ x mass of M*2(SO4)318H2O/2 (M*=Fe) 
Acid free-FeCl3 of CaMg.2(OH)2
 0.021 M of M3+ x mass of M*Cl36.M (OH)2 (M*=Fe, Ca or Mg))      [8]
Table 2 shows monoprotic, diprotic metal salts and Metal hydroxide 
dosed into the AMD.
Performance evaluation
The pH was used as a determinant to assess the rate of hydrolysis 
and hydrolytic potential of the coagulants at different mixing duration, 
whereas turbidity was to determine the removal efficiency of colloidal 
particles from the samples.
pH measurement: A metter toledo seven multimeter (made in 
Germany) pH meter with an electrode filled with AgCl solution, and 
the outer glass casing with a small membrane covering at the tip was 
used. The equipment was calibrated with standard solutions i.e., pH of 
4.0 and 7.0 before use.
Conductivity: A EDT instrument FE 280 conductivity-meter 
(made in Japan) was used and calibrated with 0.1 KCl standard solution.
Turbidity measurement: A Merck Turbiquant 3000T Turbidimeter 
(made in Japan) was used to determine turbidity or the suspended 
particles in the supernatant using NTU as a unit of measure. It was 
calibrated with 0.10, 10, 100, 1000 and 10000 NTU standard solutions.
Inductively Coupled Plasma (ICP-OES): A Perkin Elmer Optima DV 
7000 ICP-OES Optical Emission Spectrscopy (made in USA) was used to 
determine the metals in the supernatant of the AMD samples using ppm 
as a unit of measurement. It was calibrated with the standard solution 
between 2-50 ppm of the salts mentioned under sub-section 2.1.
Scanning Eectron Microscopic Analysis (SEM): KYKY-EM3200 
Digital Scanning Electron Microscope (model EM3200) equipment 
(made in China) was used to determine the morphological structure of 
the sludge of treated AMD.
XRD analysis: The XRD patterns of the samples were recorded 
using a Rigaku Miniflex II Desktop X-ray diffractometer with Cu Kα 
radiation. A step size of 0.02° at the speed of 4°(20)/min over 10-80° was 
applied. The minerals treated between 500 and 1000°C were quantified 
by Siroquant software.
Experimental Procedures
Procedure of a jar test
The equipment used for the jar tests was a BIBBY Stuart Scientific 
Flocculator (SW1 model), which has six adjustable paddles with 
rotating speeds between 0-250 rpm. The AMD solution containing 6.8 
g colloidal particles in 200 mL of the solution (0.14 g/L) was poured in 
each of the five 500 mL glass beakers for the test. Different dosages of 
0.043 M Fe3+ in FeCl3 or Fe2(SO4)3, (Table 1) obtained from a study by 
[25], were added to the AMD samples. The experiments were conducted 
employing rapid mixing (250 rpm for 2 mins.), without mixing and 
with shaking (250 rpm for 2 mins.). The rationale to carry out these 
experiments was to determine a correlation between the pH changing 
trend and turbidity removal. The experiments were conducted in the 
following order:
In the first set of experiments, each 200 mL sample of the five 
present in the 500 mL glass beakers was dosed with varying dosages 
of FeCl3 and treated in three different methods, i.e., mixing in a jar test, 
without mixing and with shaking. A second similar set of experiments 
was carried out by replacing FeCl3 with Fe2(SO4)3. A third similar set 
of experiments were carried out by replacing FeCl3 with af-PFCl. The 
samples in all sets of experiments were allowed to settle for 1 hour and 
thereafter the pH, conductivity and turbidity were measured.
Results and Discussion
The main purpose of the present study is to determine the turbidity 
removal efficiencies of af-PFCl by comparing with that of Fe3+ salts or 
CaMg.2(OH)2 in the AMD treatment; the aim being to replace the Fe 
salts with af-PFCl. The study also performed experiments using shaking 
and without mixing to determine the reactivity of the af-FPCl in the 
AMD treatment. According to the ionization (Equations 9-11), there 
are more molar concentration of anions in the solution than the cations. 
The effect of Cl- and SO42- may only increase the conductivity whereas 
the OH- ions (Equation 11) elevate the pH of the solution.
FeCl3⇌ Fe3++ 3 Cl-                                         [9] 
Fe2(SO4)3 ⇌ 2 Fe3+ + 3 SO42-                                     [10] 
Ca/Mg(OH)2 ⇌ Ca2+/Mg2+ + 2 OH-                                                        [11] 
Although the utilization of metal salts and metal hydroxide has 
been widely explored previously, their reactivity has not been explicitly 
elucidated; hence there is perpetual stream of research projects on the 
same subject with limited findings. Figure 1 shows the pH of AMD 
sample with 20-60 mL FeCl3, Fe2(SO4)3 and af-PFCl dosage with mixing 
and shaking respectively.
The pH range of the samples with FeCl3 dosage mixing and shaking 
(Figure 1) is in a range of 2.0-2.35 and 2.07-2.52 respectively, whereas 
Element Conc (ppm)
Al 1.1713
Ca 182.18
Cd 0.0185
Co 0.1334
Cu 0.1423
Fe 28.357
K 4.5923
Li 0.051
Mg 67.392
Mn 35.368
Na 44.572
Ni 0.4432
Pb 0.6059
Sb 0.2704
Se 0.7112
Sr 0.1594
Tl 0.1325
Zn 0.3489
Table 1: Low concentrations of heavy metals in the AMD sample.
Salt Mass of salt (g)
Concentration 
(mol/L)
M3+concentration 
(M)
FeCl .6H2O 11.4 0.043 0.043 
Fe2(SO4) .18H2O 17.2 0.021 0.043 
Ca(OH)2 1.56 0.021 0.021 
Mg(OH)2 1.25 0.021 0.021
Table 2: Monoprotic, diprotic metal salts and Metal hydroxide dosed into the AMD.
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with Fe2(SO4)3 is in the range of 2.22-2.38 and 2.35-2.42 respectively. 
The pH in the samples with CaMg.2(OH)2 mixing and shaking is in 
the range of 3.23-5.0 and 3.20-5.20 respectively, whereas the pH of the 
samples with afPFCl mixing and shaking is in the range of 2.10-2.28 
and 2.30-2.42 respectively. The pH of the samples with 20-40 mL of 
FeCl3 and Fe2(SO4)3 is inversely proportional to dosage, whereas the 
pH of the samples with 50 and 60 mL dosage exhibits an inconsistent 
changing trend. A similar pH changing trend with af-PFCl occurs in 
the samples with 20 and 30 mL dosage, and it is inconsistent in the 
samples with 40-60 mL. It is observed that the 20-40 mL show to 
be optimal dosages, whereas other dosages seem to be subjected to 
restabilization due to overdosing [26]. On the contrary, the pH in the 
samples with CaMg.2(OH)2 dosage exhibits an increasing trend with 
increasing dosage (3.23-5.20), as shown by Equation 11. The pH values 
of the samples with af-PFCl flocculent are relatively identical to those 
in the samples with FeCl3 and Fe2(SO4)3, whereas it is expected to rise 
slightly due to CaMg.2(OH)2 (Equation11). However, this could have 
been attributed to combination of excess OH- ions to partially positive 
H+ to form water molecules, thus neutralizing the system. Such a 
reaction is highly probable (Equation 11), which indicates that excess 
OH- ions in the solution hydrolyse the metal ions or neutralize the pH. 
Hydrolysis (Equation 1) expresses the main reaction taking place when 
a metal ion is introduced to water and form metal hydroxides (M-OH). 
Water molecules may be both physically and chemically adsorbed onto 
the surface of the dispersed particles. The polar hydroxyl (-OH) groups 
may cause the surface to attract and physically adsorb a single or several 
additional layers of polar water molecules. It is then probable for the 
hydroxide surface (M-OH) to become charged by reacting with H+ or 
OH- ions due to surface amphoteric reactions (12 and 13). At low pH, 
hydroxide surfaces then adsorb protons to produce positively charged 
surfaces (M-OH2+), whereas at high pH they lose protons to produce 
negatively charged surfaces (M-O-). In a case of rising pH, the M3+ ions 
hydrolyse by forming bonds with OH- ions resulting from the cleavage 
of the bipolar water molecules (Hσ+-OHσ-) and produce additional 
metal hydroxide species as shown by Equation 14. These reactions are 
the attributes of varying pH changing trends shown by Figure 1. The 
observations (Figure 1) show that the pH values of the samples with 
mixing is lower than that of the corresponding samples with shaking.
M-OH + H+ ⇌ M-OH2+                                                                      [12} 
M-OH + OH- ⇌ M-O- + H2O                                [13] 
M3+ + 3 (Hσ+OHσ-) ⇌M(OH)3(s) + 3 H+                                              [14] 
The conductivity values obtained (Figure 2) is attributed to the total 
electrolyte concentration in solution, which includes anions shown in 
Equations 9 and 10. That constitutes to the ionic strength of a solution, 
and it is expressed by Equation 15.
I=0.5xΣCjZj2                                             [15] 
Ci=molar concentration of ionic species and Zi=charge number of 
ionic species.
The ionic strengths of the metal ions are shown in Table 3. 
The conductivity of the AMD sample with 20-60 ml of FeCl3, 
Fe2(SO4)3 and af-PFCl dosage with mixing and shaking is shown in 
Figure 2.
The conductiity of the samples with FeCl3 dosage mixing and 
shaking (Figure 2) increases in a range of 4.05-5.40 and 4.62-5.58 mS/cm 
respectively, whereas in the samples with Fe2(SO4)3 mixing and shaking in 
a range of 4.02-4.28 and 4.15-4.31 mS/cm respectively. The conductivity 
in the samples with af-PFCl flocculent mixing and shaking is in a range 
of 4.0-5.32 and 4.64-5.39 mS/cm respectively, whereas in the samples with 
CaMg.2(OH)2 mixing and shaking is in a decreasing range of 3.16-2.81 
and 3.32-3.0 mS/cm respectively. The changing trend cannot necessarily be 
attributed to the Ca-Mg bonding as each metal ion reacts individually but 
due to the adorption of their metal hydroxide into the flocs. The conductivity 
values in the samples with FeCl3 is lower than in their corresponding 
samples with Fe2(SO4)3. The conductivity of both coagulants is directly 
proportional to the dosage, thus increasing ionic strength of the solution. 
On the contrary, the conductivity of the samples with CaMg.2(OH)2 
dosage is lower than in other reagents, and also inversely proportional to 
dosage. The lower conductivity correlates with Eq. 15 because both Ca2+ 
and Mg2+ ions have two valence electrons (Zi), which affects the ionization 
strength of a solution. According to Figures 2 and 3, it shows that the pH 
of the samples with CaMg.2(OH)2 dosage is inversely proportional to the 
conductivity, whereas it is directly proportional in the samples with FeCl3, 
Fe2(SO4)3 and af-PFCl. However, the elevated pH (Figure 1) with increasing 
dosage is responsive to increasing concentration of OH- (Equation 11).
Figure 3 shows the residual turbidity of the AMD sample with 20-
60 mL of FeCl, Fe(SO) and af-PFCl dosage with mixing and shaking.
1
1.9
2.8
3.7
4.6
20 30 40 50 60
pH
Dosage (mL)
pH in AMD with Fe salts , CaMg.2(OH)2 and af-PFCl dosage mixing and shaking 
pHFeCl3-mix pHFe2(SO4)3-mix pHFeCl3-shake
pHFe2(SO4)3-shake pHaf-PFCl-mix pHaf-PFCl-shake
pHCaMg.2(OH)2-mix pHCaMg.2(OH)2-shake
Figure 1: pH in AMD with FeCl3, Fe2(SO4)3, CaMg.2(OH)2 and af-PFCl with 
mixing and shaking.
Species Ionic strength
Fe3+ 0.193
Ca2+ 0.042
Mg2+ 0.042
Fe3++Ca2++Mg2+ 0.277
Table 3: The ionic strengths of the metal ions.
2.4
3
3.6
4.2
4.8
5.4
6
20 30 40 50 60
Co
nd
uc
ti
vi
ty
 (m
S/
cm
)
Dosage (mL)
Conductivity in AMD with Fe salts, CaMg.2(OH)2 and af-PFCl mixing and shaking
CondFeCl3-mix CondFeCl3-shake CondFe2(SO4)2-mix
CondFe2(SO4)3-shake Condaf-PFCl-mix Condaf-PFCl-shake
CondCaMg.2(OH)2-mix CondCaMg(OH)2-shake
Figure 2: Conductivity in AMD with FeCl3, Fe2(SO4)3 and af-PFCl2 with mixing 
and shaking, where conduct=conductivity.
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Residual turbidity in the samples with FeCl3 dosage with mixing 
(Figure 3) increases in a range of 3.32-9.86 NTU, whereas in the samples 
with shaking is between 3.21-9.77 NTU. Residual turbidity in the 
samples with Fe2(SO4)3 mixing is in a range of 2.36-9.74 NTU, whereas 
in the sample with shaking is 2.44-9.22 NTU. Residual turbidity in the 
samples with af-PFCl dosage mixing is in a range of 3.05-9.64 NTU, 
whereas the experiments with shaking exhibit an inconsistent changing 
trend in a range of 3.0-9.61 NTU. The comparison of the heavy metals 
content between untreated AMD (Table 1) and treated AMD (Table A1) 
indicates that there is an insignificant removal of heavy metals due to 
low content. The turbidity less than 10 NTU in this study is regarded as 
relatively acceptable. Turbidity in the samples with 20 and 30 mL FeCl3 
in both mixing and shaking is low (3.21-5.70 NTU) and increrases 
to a arnge of 8.31-9.89 NTU in the samples with 40-60 mL dosage. 
On the other hand, the turbidity in the samples with 20 and 30 mL 
Fe2(SO4)3 show the same trend but lower in a range of 2.36-5.36 NTU 
and 5.18-7.28 NTU in the samples with 40-60 mL dosage. Turbidity of 
the samples with 20-50 mL af-PFCl is in a range of 3.0-6.92 NTU and 
increases slightly to 9.61-9.94 NTU is the samples with 60 mL dosage. 
The rise in turbidity is caused by restabilization as the dosage is higher 
than the rest, whereas a similar condition is found in the samples with 
40-60 mL FeCl3 and Fe2(SO4)3 dosage. The results show that the 20 and 
30 mL are optimal dosages with FeCl3 and Fe2(SO4)3 and above that 
restabilization is prevalent. However, the same can be considered with 
af-PFCl on the basis of cost savings.
The samples with 20 and 30 mL FeCl have pH range of 1.80-2.50 
(mixing and shaking) correspond to the lowest residual turbidity 
(3.21-5.70 NTU), whereas the samples with 4060 mL having identical 
pH range (2.04-2.23) have higher residual turbidity (8.38-9.89 NTU). 
Increasing residual turbidity with increasing dosage is attributed to 
restabilization, where the ph has to increase due to the reverse reaction 
of hydrolysis. The reason the pH remains unchanged (Figure 1) may 
be attributed to the buffering capacity of FeCl3 at pH level. This is 
corroborated by a lower residual turbidity of the samples with 40-60 
mL Fe2(SO4)3 (6.32-8.31 NTU) exhibiting a slightly higher pH trend 
(2.44-2.76). As indicated that FeCl3 is more acidic than Fe2(SO4)3, the 
latter tends to exhibit less acidity than the former.
Mechanical agitation has been regarded as a mechanism which 
disperses the reagents throughout the colloidal suspension. On the 
other hand, is it also probable that the electrophoretic mobility of a 
colloidal suspension with high ionic strength/zeta potential dosed with 
a highly lectronegative and valence is fast, requiring less mechanical 
energy. Figure 4 shows the relationship to determine the effect of mixing 
in destabilization-hydrolysis by the comparison in turbidity removal 
of the AMD sample with af-PFCl dosage during mixing, shaking and 
without mixing.
The pH in the samples with af-PFCl dosage mixing (Figure 4) 
decreases in a range of 2.422.33, the samples without mixing in a 
range of 2.47-2.38 and the samples with shaking in a range of 2.44-
2.38. Residual turbidity of the samples with mixing exhibits an 
inconsistent changing trend in a range of 3.04-10.5 NTU, increases 
in the samples without mixing and with shaking in the ranges of 3.9-
11.3 NTU and 3.16-11.6 NTU respectively. Among the studies which 
have been conducted, stated that after coagulation and the resulting 
destabilization of particles, the particles must gently collide to form 
lager flocs resulting from the collision of particles which occurs under 
natural circumstances or by dissipation of mixing energy. This is in 
agreement with the findings of the study by [27] on paint wastewater 
treatment with inorganic coagulant. The particle-particle and particle-
metal ion collision during Brownian motion is induced by thermal 
energy with or without agitation. This occurs during perikinetic or 
orthokinetic flocculation with minimal velocity gradient but high 
counter-ionic effect.
The corresponding residual turbidity in both the mixing and shaking 
experiments (Figure 4) is below 3.4 NTU (above 96.6%). The residual 
turbidity in the samples with af-PFCl dosage mixing is identical to that 
in the samples with CaMg.2(OH)2 dosage; and slighlty higher in the 
samples with shaking (above 88.4%). Residual turbidity in the samples 
with 20 mL dosage is slightly higher than that in the other samples, in 
a range of 9.3-10.1 NTU, whereas residual turbidity in the samples with 
20 mL Fe3+ salts and af-PFCl is in a range of 1.54-5.95 NTU. This can 
be caused by the deficiency of OH- released by CaMg.2(OH)2 which 
are essential during hydrolysis, a situation that varies with that of Fe3+ 
salts and af-PFCl dosages; where each each mole of Fe3+ releases three 
OH,- whereas each combined moles of Ca2+ and Mg2+ releases only 
two OH- ions. Poor turbidity removal is not limited to the dosage, but 
deficiencies associated with mixing as discussed previously. Floc size 
depends on the balance between the hydrodynamic forces exerted on a 
flocs and the strength of the flocs. The latter expressed as the resistance 
of the flocs to the hydrodynamic forces. The growth or breakage 
mechanism is expressed by Equation 16.
B=hydrodynamic forces/floc strength (F/J)                                     [16]
Where F=hydrodynamic forces exerted by the flow, and J=strength 
of the floc
It is clear that breakage will occur when B>1, and floc size will be 
maintained or increased when B<1 (Equation17). Floc strength, J is 
a function of the physico-chemical conditions (AMD, flocculent and 
dosage) and the floc structure as afore-mentioned. Despite overcoming 
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Figure 3: Residual turbidity in AMD with FeCl3, Fe2(SO4)3 and af-PFCl with
mixing and shaking. Where ResTurb=residual turbidity.
2.32
2.36
2.4
2.44
2.48
0
2.4
4.8
7.2
9.6
12
10 20 30 40 50 60 70
pH
Re
sid
ua
l t
ur
bi
di
ty
 (N
TU
)
Dosage (mL)
pH vs. residual turbidity in AMD with af-PFCl mixing, shaking and no mixing
pHaf-PFCl-shaking ResTurbaf-PFCl-mixing ResTurbaf-PFCl-shaking
ResTurbaf-PFCl-nomixing pHaf-PFCl-mixing pHaf-PFCl-nomixing
Figure 4: pH vs residual turbidity in AMD with CaMg.2(OH)2 and af-PFCl with
mixing and shaking. where Turbid=turbidity.
Page 6 of 8
Citation: Ntwampe OI, Waanders FB, Bunt JR (2017) The Effect of the Bentonite Clay Constituents in a Flocculent of FeCl3 and CaMg.2(OH)2 during 
AMD Treatment. J Chem Eng Process Technol 8: 344. doi: 10.4172/2157-7048.1000344
Volume 8 • Issue 3 • 1000344J Chem Eng Process Technol, an open access journalISSN: 2157-7048 
the challenges which are mentioned in a jar/shaker, the problem 
encountered in a large scale (water treatment works) is a limited 
retention which is a deterrent to adequate agglomeration and rigid 
larger flocs. The results obtained (Figure 4) do not reflect consistent 
changing trend with dosage, and that is attributed to physico-chemical 
properties of the system (Equation 16).
The residual turbidity (Figure 4) shows that the effectiveness of the 
destabilization potential with af-PFCl at lower dosage is identical to 
that with FeCl3 (Figure 3) and CaMg.2(OH)2. The af-PFCl is an ideal 
replacement of the FeCl3 in the treatment of the AMD, an approach 
which will curb corrosion. The results show that af-PFCl has the same 
destabilization efficiency to both Fe3+ salts and CaMg.2(OH)2. Although 
FeCl3 or Fe2(SO4)3 exhibit similar turbidity removal efficiencies to af-
PFCl, hydrolysis reactions differ in both processes, which is limited 
to the oligomeric products attributed to the rate of the protonation to 
form monomeric, dimeric and trimeric species. Most of the hydrolysis 
products of the Fe3+ salts are hydroxo-ferric-complexes which are active 
in adsorption; whereas there is primary and secondary flocs formation 
in the case of af-PFCl resulting from hydrolysis of Fe and Mg ions.
Figure 5 shows the relation between residual turidity with 
concentration of Fe3+ and Ca2+/Mg2+ converted to the mass, during 
shaking and without mixing. The idea being to determine the adsorption 
isotherm, particle-metal ions interaction.
Residual turbibidy in the samples with FeCl3 dosage without mixing 
changes inconsistently in a range of 4.5-8.0 NTU, whereas in the 
samples with shaking exhibits simialar changing trend in a range of 4.1-
8.4 NTU. Residual turbidity in the samples with af-PFCl dosage without 
mixing and shaking also exhibits similar changing trend is in the range 
of 4.6 -7.2 and 4.4 -7.5 NTU respectively. The inconsistent changing 
trend of residual turbidity is attributed to under- and over-dosage in 
the samples with lower and higher dosages respectively. All the samples 
with 20 mL dosage of Fe3+ and Mg2+ moles in af-PFCl yielded higher 
residual turbidity compared to 30 and 40 mL dosage’ and proliferated 
in the samples with 50 and 60 mL dosage. This is indicative of possible 
deflocculation in lower dosages and restabilization in higher [26]. The 
residual turbidity in the samples with FeCl3 and af-PFCl dosage without 
mixing (Figure 5), yielded removal efficiency in a range of 92.4-95.7 
and 92.0-96.1% respectively. This is indicative of the subjectivity of 
the samples to perikinetic flocculation, where thermal energy induced 
particles collision during Brownian motion. This also corroborates the 
finding stating that spontaneity of chemical reactions in wastewater 
treatment is dependent upon the electrophysico-chemical properties of 
the system [25]. The bipolarity property of the water molecules in the 
bulk fluid also accelerates the chemical reactions
Apart from physic-chemical effect of particle-metal ion, the 
amphoteric hydro-dynamic effect plays a role in hydrolysis, as shown 
by Equations 17 and 18.
Fe(OH)3+OH- ⇌ Fe(OH)4-+H2O, acting as an acid                        [17] 
3H++ Fe(OH)3⇌ 3H2O+Fe3+(aq), acting as a base                       [18] 
An optimization of the dosage was conducted by reducing the 
concentrations of the both CaMg.2(OH)2 and af-PFCl to 0.021 mol/L 
(Figure 6). The results represent the pH and residual turbidity of the 
samples with 0.021 M Ca2+ in Ca(OH)2 plus 0.021 M Mg2+ in Mg(OH)2 
(CaMg.2(OH)2) and af-PFCl dosage with mixing and shaking.
The pH of the samples with 0.021 M CaMg.2(OH)2 mixing and 
shaking (Figure 6) is in an increasing range of 2.78-3.88 respectively, 
whereas in the samples with af-PFCl is in a decreasing range of 2.36-
2.28. The former exhibit higher pH values than the corresponding 
samples of the latter, and that is attributed to the concentration of OH- 
in CaMg.2(OH)2. Residual turbidity in the samples with CaMg.2(OH)2 
dosage mixing and shaking exhibits an inconsistent changing 
decreasing trend in a range of 4.6-8.2 and 4.6-9.3 NTU respectively. On 
the other hand, the samples with 0.021 M af-PFCl mixing and shaking 
also exhibited an inconsistent residual turbidity changing trend in the 
range of 5.1-10.2 and 5.0-9.2 NTU respectively. Similarly to the samples 
in Fig. 5, all the samples with lower and higher dosages yielded higher 
residual turbidity whereas those with moderate dosage yielded low 
residual turbidity (4.3-6.2 NTU).
Figures 7 and 8 illustrate the correlation between the turbidity 
removal efficiencies of the AMD sample with af-PFCl without mixing 
and with shaking respectively.
The pH depends on the dosage, and that has been confirmed by 
the models and the correlations coefficient (R2) between the pH and 
turbidity removal efficiency of the AMD sample with af-PFCl without 
mixing (Figure 7) of 95.3%, whereas the correlation coefficient of the 
sample with af-PFCl shaking (Figure 8) is 97.4%. These correlation 
coefficients are compared with that (r) calculated from Pearson 
correlation coefficient.
The SEM images of the AMD sludge with FeCl3 dosage with mixing 
(Figure 9) show a large floc covering almost 70% of the total area with 
small cavities.
The micrographs of the sludge of the AMD sample with af-PFCl 
dosage (Figure 9) on the right formed a large “cake-like” structure with 
tiny and larger flocs spreading throughout the area. The SEM images of 
the sludge of the AMD with FeCl3 and Fe2(SO4)3 dosage with shaking 
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in Figure A2 show almost similar crystal morphological structure with 
identical turbidity removal efficiency exhibited by both Fe3+ salts. The 
comparison of the adsorption efficiency between Fe3+ salts and af-PFCl 
(Figure 9) during mixing, confirming that the latter (right) forms a 
large “cake-like” polymeric structure which ameliorates adsorption 
efficiency, whereas the former (left) forms a cluster of structures which 
are diversified mono-, bi- and tri-meric agglomerates. These images 
corroborate the objective of this study which investigates the turbidity 
removal efficiency of af-PFCl as a possible replacement of corrosive and 
scaling FeCl3 and CaMg.2(OH)2 respectively.
Another morphological observation (Figure 9) indicates that the 
flocs formed by FeCl3 during rapid mixing with 30% coverage of cavities 
shows the flocs were subjected to rupture. This also shows that further 
rapid mixing would result in more breakage of the floc, a condition 
which results in re-stabilization and poor turbidity removal [23].
The turbidity removal results resemble those governed by the 
hydrophobic interaction as that plays a predominant role in the 
association behaviour within aqueous solutions. According to the polar 
nature of the flocculent, it is more likely that the molecules within the 
system interact strongly with the bipolar bulk water. 
From the principle of adsorption isotherm, it is noted (Figure 3) 
that the equilibrium between the adsorption and desorption in the 
AMD samples using af-PFCl is more towards adsorption kinetics. The 
conductivity of raw AMD (4.43 mS/cm) reflects the ionic strength of 
the solution, which also predicts the high rate of adsorption-desorption 
when a multivalence reagents are used [28-30].
Under experimental conditions, the reaction of af-PFCl yielded 
the best turbidity removal as shown in Figure 4. On the other hand, 
the SEM micrograph (Figure 9) shows a cake-like structure (right) 
with some crystalline structures on the surface. The structure is 
very compact showing limited chances for colloidal particles to pass 
through, compared to the micrograph with FeCl3 dosage (left). This 
suggests that the reaction of the flocculent with the AMD sample 
resulted in a polymeric structure/conglomerate which formed rigid 
compact and dense (sponge-like) flocs. This enabled the flocculent to 
achieve maximum mass transfer of the colloidal particles. It is therefore 
concluded that optimal turbidity removal in the AMD solution is of a 
physical phenomenon (SEM micrographs) (Figure A2).
The sludge of the AMD with af-PFCl dosage during mixing (Figure 
10) shows three characteristic peaks at 2θ positions of 21°, 28° and 
37°, all within the intensities be 250 and 300 counts, The predominant 
mineral content in the bentonite clay includes quartz and graphite [9].
On the other, hand, the sludge of the AMD with FeCl3 dosage only 
during mixing (Figure A3) shows almost identical small characteristic 
peaks at identical 2θ positions of 20°, 25° and 37°, all within the 
intensities be 250 and 300 counts.
According to the correlation coefficient, 0.70 or higher is a very 
strong relationship, 0.400.69 a strong relationship, and 0.30-0.39 to a 
moderate relationship. The results from the following data:
Xnm=pH without mixing, xsh=pH with shaking, ynm=turbidity 
without mixing and ysh=turbidity with shaking.
y = -235.19x2 + 1273.3x - 1613.5
R² = 0.95284
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Figure 7: pH vs E % of 0.043 M af-PFCl without mixing.
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Figure 8: Conductivity vs E % of af-PFCl dosage with shaking.
Figure 9: SEM micrographs of the sludge of the AMD with FeCl3 and af-
PFCl dosage with mixing (25000X).
Position [°2θ] (Copper (Cu)) 
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50
1000  AMD sludge with af-PFCl-mixing 
Figure 10: XRD graph of the sludge of the AMD with FeCl3 and af-PFCl
dosage with mixing (25000X).
Reagent Correlation Dispersion r-value R2- n  value
af-flocculent pH-residual turbid no mixing 0.995 0.952
af-flocculent pH-residual turbid shaking 0.620 0.986
af-flocculent cond-residual turbid shaking 0.753 0.99
Table 4: R2 vs r-values of the pH-residual turbidity-conductivity using af-PFCl 
flocculent with shaking and without mixing.
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Σxnm=12.09, Σx2nm=29.23, Σynm=50.4, Σy2nm=610 and Σxynm=121.23
Σxsh=12.08, Σx2sh=29.18, Σysh=37.7, Σy2sh=323 and Σxysh=90.5
Using the results of the pH and turbidity removal efficiency of af-
PFCl dosage in the AMD sample with shaking and without mixing 
yielded the r-values of 0.985 and 0.624 respectively. The range of the 
correlation coefficient is from -1 to 1. The correlation coefficients in 
samples with shaking and without mixing fall within a range of strong 
relationship. This is validated by R2 of pH converted to mass of Fe3+, 
Ca2+ and Mg2+ vs. turbidity removal efficiency in samples without 
mixing and with shaking as shown in Figure 7 and Figure 8 of 0.952 
and 0.974 (95.2 and 97.4%) respectively (Table 4).
Conclusion
The novelty of this study is to determine the turbidity removal 
efficiency using a combination of FeCl3 and CaMg.2(OH)2 in a form 
of unprocessed flocculent by comparing with the values obtained with 
Fe salts and CaMg.2(OH)2 dosages respectively. The pH of the sample 
with CaMg.2(OH)2 dosage is directly proportional to the conductivity. 
A synthetic af-PFCl flocculent yielded optimal turbidity removal which 
is slightly higher than that obtained with FeCl3 or CaMg.2(OH)2. 
The pH and residual turbidity in the samples with mixing showed an 
insignificant difference compared to their corresponding samples with 
shaking and without mixing. The turbidity removal in the samples 
without mixing is induced by perikinetic flocculation as there is no 
mechanical agitation to influence hydrodynamic effect. The turbidity 
removal efficiency exhibited by af-PFCl is optimal, an observation 
which confirms its turbidity removal potential, an objective of the 
investigation in this study. The af-PFCl flocculent is an ideal replacement 
of both reagents to eliminate corrosion and scaling as well as negative 
environmental implication attributed to FeCl3, Ca(OH)2 and Mg(OH)2.
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